Abstract | Prostate cancer poses a major public health problem, particularly in the Us and europe, where it constitutes the most common type of malignancy among men, excluding nonmelanoma skin cancers. The disease is characterized by a wide spectrum of biological and clinical phenotypes, and its evaluation by imaging remains a challenge in view of this heterogeneity. imaging in prostate cancer can be used in the initial diagnosis of the primary tumor, to determine the occurrence and extent of any extracapsular spread, for guidance in delivery and evaluation of local therapy in organ-confined disease, in locoregional lymph node staging, to detect locally recurrent and metastatic disease in biochemical relapse, to predict and assess tumor response to systemic therapy or salvage therapy, and in disease prognostication (in terms of the length of time taken for castrate-sensitive disease to become refractory to hormones and overall patient survival). evidence from animal-based translational and human-based clinical studies points to a potential and emerging role for PeT, using 18 F-fluorodeoxyglucose as a radiotracer, in the imaging evaluation of prostate cancer.
Introduction
Prostate cancer is a major public health problem; the disease is the most common cancer and the second leading cause of cancer-specific mortality affecting men in the us. 1 Biologically and clinically, prostate cancer is a heterogeneous disease that is characterized by states ranging from indolent to aggressive. [2] [3] [4] Psa has been useful in monitoring the disease despite its limited sensitivity (Psa levels might be undetectable or low in some cases of disseminated disease) and specificity (high levels are sometimes associated with benign disease). Furthermore, the measurement of Psa and other associated parameters (for example, density, velocity, half-life, nadir, doubling time, time to elevation, age-specific reference ranges, and the ratio of free to total levels) cannot localize the disease (if present), and might be affected by factors other than therapy. [5] [6] [7] [8] [9] [10] these measurements are the cause of great anxiety and overstated diag nostic expectations by the patient, and there is continued contro versy in relation to their exact impact on survival and risk-benefit ratio. 11 in the post-Psa era, about 92% of patients are diagnosed with locoregional disease, while metastatic disease is the initial presentation in about 5% of patients; the remaining 3% are classified as unknown. 1 Despite highly successful treatments for localized prostate cancer, around 40% of men experience a detectable rise in the serum Psa level within approximately 10 years of primary treatment (biochemical failure), suggesting that prostate cancer can metastasize relatively early in the course of the disease. 12 the use of imaging to assess prostate cancer remains a challenge, owing to the inherent heterogeneity of disease.
13,14 the value of Pet using 18 F-labeled 2-fluoro-2-deoxy-d-glucose (FDG) for the imaging evaluation of patients with cancer is irrefutable, and the clinical use of Pet and Pet-Ct using FDG as a tracer in prostate cancer is being explored. this article provides a brief overview of the imaging techniques that are currently used to evaluate various aspects of prostate cancer. the relatively limited available data on the molecular basis of FDG accumulation in prostate tumors is summarized before providing a brief review of current clinical experience using Pet with FDG in the imaging evaluation of prostate cancer.
Current modes of imaging evaluation
initial differential diagnosis can be undertaken when prostate cancer is suspected with ultrasonography and/or mri using contrast agents, endorectal probes and image-guided biopsies. results from imaging studies also provide important information on the extent of the disease and any potential regional and distant metastases in high-risk patients. the optimal method for imaging evaluation of men with Psa relapse (biochemical failure) is unresolved, but the goal of imaging is to determine if recurrence has occurred in the previously treated prostate bed or whether distant disease is present. the result will influence therapeutic management, including consideration of the use of salvage therapy for local recurrence and systemic treatment for metastatic disease.
Bone scintigraphy can be useful in detecting bone metastases, but the rate of false positives is relatively high; 15 this technique cannot be used to detect the
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The author declares no competing interests. in-capromab pendetide scintigraphy (a technique using a radiolabeled antibody that targets prostate-specific membrane antigen [Psma] , the levels of which are upregulated in hormoneresistant states and in metastatic disease) can be used to help with management decisions in a select group of men at high risk for recurrent and metastatic spread. Despite this utility, the technique also has drawbacks: it has a limited predictive value when used to image the prostate fossa, particularly following radiation therapy; it shows low sensitivity for detecting osseous metastases; furthermore, the technique is demanding and the results require interpretation by skilled and experienced staff. 16, 17 Highresolution mri using lymphotropic superparamagnetic nanoparticles might also allow the detection of small, and otherwise undetectable, lymph node metastases in patients with prostate cancer. 18 However, the exact clinical use of this diagnostic imaging approach in a diverse group of patients still needs to be determined. the role of Pet using FDG as a tracer is undoubtedly important in the assessment of cancer patients. the development of hybrid Pet-Ct imaging systems (which can precisely localize metabolic abnormalities and characterize the metabolic activity of normal and abnormal structures, thereby increasing diagnostic confi dence and reducing equivocal image interpretations), the presence of regional distribution centers for FDG, expanding clinical experience, and improved reimbursement have all facilitated the use of FDG-Pet and Pet-Ct in cancer imaging. FDG-Pet is widely used for diagnosis, initial staging, restaging, prediction and monitoring of treatment response, surveillance and prognostication in a variety of cancers, and this use has led to improved clinical decision-making and costeffective management changes in substantial numbers of patients. [19] [20] [21] investigations into the potential use of Pet and Pet-Ct to assess various clinical aspects 
Molecular basis of FDG accumulation
Hallmarks of cancer include self-sufficiency with respect to growth signals, insensitivity to growth-inhibitory signals, evasion of apoptosis, limitless replicative potential, sustained angiogenesis, tissue invasion and metastatic potentiation, evasion of tumors from the immune system and increased glucose metabolism. 25, 26 Tumor growth and glucose metabolism the relationship between tumor growth and energy production by glucose metabolism is multifactorial and complex, and might be influenced by tumor-related compo nents (such as factors relating to the type of cancer and differentiation grade), biochemical and molecular alterations (for example, hypoxia, inhibition of tumor suppressor genes), and non-tumor-related elements (for example, inflammatory cells). [27] [28] [29] [30] it has been postulated that increased levels of glucose transporters and their translocation to the cell membrane, together with increased enzymatic activity of hexokinase, might be the consequences of adaptation by the tumor to hypoxia, despite the inefficiency of energy production by subsequent glycolysis (compared with oxidative metabolism) and the creation of a toxic, acidic microenvironment. 31 ,32 the latter phenomenon might provide the tumor cell with a survival advantage over normal cells through maintenance of normal intracellular pH and mobilization of the molecular machinery in evading apoptosis. 33 Despite this interesting hypothesis, however, further research is needed to improve our understanding of the exact molecular mechanisms underlying the enhanced glycolysis by tumor cells.
the ability of FDG-Pet to detect tumor cells is based on this increase in glucose metabolism (the so-called warburg effect) through upregulation of facilitative glucose transporter (Glut) proteins, primarily Glut1 and/or Glut3, 34 and/or the expression and activity of hexokinases (primarily hexokinase ii). [35] [36] [37] Glut proteins (the currently approved nomenclature for GLUT genes is SLC2Ax; we shall, however, be using the former GLUTx designation) allow energy-independent glucose transport across the cell membrane down the concentration gradient (the first rate-limiting step in glucose metabolism), whereas hexokinase ii efficiently phosphorylates glucose to glucose-6-phosphate. similarly, FDG is phosphorylated to FDG-6-phosphate but, unlike glucose-6-phosphate, FDG-6-phosphate cannot be further metabolized and becomes trapped in the cell, owing to its negative charge and the very low levels of glucose-6-phophatase activity in most tumor cells. 38 Few studies have reported specifically on the expression of Glut proteins in human prostate cancer. one study investigated the expression of Glut1 messenger reviews rna in the androgen-independent prostate cancer cell lines Du-145 and PC-3 and the androgen-sensitive lnCaP cell line. 39 Glut1 messenger rna expression was higher in the poorly differentiated cell lines Du-145 and PC-3 than in the well-differentiated hormonesensitive lnCaP cell line, indicating a potential increase in Glut1 expression with increasing malignancy. another group reported the expression of Glut12 in human prostate cancer cell lines, and suggested that this protein might contribute to enhanced glucose metab olism in prostate cancer. 40 Hypoxia, androgens and glucose metabolism when the expression of a number of hypoxia-associated genes within benign prostatic hyperplasia (BPH) and prostate cancer (Gleason score 5-10) human tissue specimens was evaluated, GLUT1 levels were significantly higher in prostate cancer than in BPH and corre lated directly with Gleason score (r = 0.274, P = 0.026). 41 increased FDG uptake occurs during hypoxia in androgen-sensitive and androgen-independent prostate cancer cell lines. 42 in a related study using PC-3 and Du-145 cells, hypoxia resulted in the upregulation of the hypoxia-inducible factors HiF-1α and HiF-2α; this upregulation could be inhibited by the nsaiD ibuprofen, subsequently leading to the downregulation of the HiF-regulated proteins vascular endothelial growth factor and Glut1. 43 androgen also has an effect on glucose metab olism in tumor cells. the accumulation of higher levels of FDG has been observed in castrate-resistant (androgenindependent) tumors than in castrate-sensitive tumors. 44 it has also been shown that castration (surgical or medical) decreases glucose metabolism in prostate tumors. [44] [45] [46] this observation could be incorporated into an imaging-based method to monitor androgen deprivation therapy and to potentially predict an impending hormone-refractory state in patients with castrate-responsive disease. 44 these findings also suggest that Glut-mediated FDG accumula tion in prostate tumor cells is complex and depends on many interrelated factors.
Experience of FDG-PET in the clinic
Clinical experience of the use of FDG-Pet in the context of prostate cancer comes from studies that differ with regard to disease states, validation criteria and end points. [47] [48] [49] the inherent biological and clinical heterogeneity of the disease, including the effects of factors such as hypoxia and tumor microenvironment, might also contribute to the observed variability of glucose metabolism in prostate cancer. 42, 50 Furthermore, technical issues and factors involved in image processing might further affect the observed heterogeneity of FDG accumulation in tumors. the accumulation of FDG is measured semiquantitatively as the amount of tracer localization in a region of interest normalized to the body weight of the patient and dose of injected tracer, and is expressed as the standardized uptake value (suv). significantly lower levels of FDG accumulation in tissue have been noted, irrespective of biological hetero geneity, using filteredback projection in comparison to iterative reconstruction with segmented attenuation. 51, 52 in selected patients, iterative reconstruction can contribute significantly to the detection, by FDG-Pet, of prostate cancer. 52, 53 Normal prostate tissue the glucose metabolism and Ct density of the normal prostate gland in relation to age and prostate size has been assessed using FDG-Pet-Ct in 145 men who had indications unrelated to prostate pathology. 54 the average prostate size was 4.3 ± 0.5 cm (mean ± sD), with a range of 2.9-5.5 cm. mean and maximum Ct densities were 36.0 ± 5.1 Hounsfield units (Hu) (range 23-57 Hu) and 91.7 ± 20.1 Hu (range 62-211 Hu), respectively, whereas mean and maximum suvs were 1.3 ± 0.4 (range 0.1-2.7) and 1.6 ± 0.4 (range 1.1-3.7), respectively. the mean suv tended to decrease as the prostate size increased (r = -0.16, P = 0.058), whereas the prostate size tended to increase with increasing age (r = 0.32, P <0.001).
Primary prostate cancer and staging the extent of FDG accumulation can be similar in normal prostate, BPH and prostate cancer tissues. reviews FDG-Pet might not be useful in the diagnosis or staging of clinically organ-confined disease or in the detection of locally recurrent disease owing to uptake of FDG by scar tissue as well as tumor cells and because the radiotracer can be excreted into the urinary bladder and thereby mask any lesions in the vicinity. 56, 59 Cases of prostatitis might also yield false-positive results. 60 Despite the aforementioned drawbacks and the overall heterogeneity of published studies with relatively small numbers of subjects, several animal-based translational and human-based clinical studies have demonstrated that FDG-Pet can be useful in certain clinical circumstances in prostate cancer.
FDG uptake is reportedly higher in primary tumors of a higher Gleason score, a more advanced clinical stage and with higher serum Psa levels than those with a lower Gleason score, more localized clinical stage and lower serum Psa values. 61, 62 in a study of 34 patients with biopsy-proven prostate cancer and confirmed or suspected metastatic disease, suvs ranged from 2.1 to 5.7 for the metastatic lesions (with higher suvs being suggestive of malignancy); 63 Pet was less sensi tive than bone scintigraphy at identifying bone metastases, and detection of pelvic lymph node metastases was limited owing to bladder urine activity. 64 in patients with known osseous metastatic disease, however, FDG-Pet might distinguish the metabolically active lesions from the metabolically dormant lesions. [65] [66] [67] Furthermore, data from our laboratory suggest that the rate of concordance of FDG-Pet analysis with other imaging studies seems to be higher in castrate-resistant disease in comparison to castrate-sensitive disease, and also higher for lymph nodes and visceral lesions than for osseous lesions. 68 Biochemical failure (PSA relapse)
investigations have shown that FDG-Pet might be useful in detecting disease in a fraction of the large proportion of men who present with Psa relapse, in whom, by definition, there is no standard imaging evidence of disease. in this group of men, detection of disease by 'non standard' imaging can direct appropriate treatment, such as salvage radiation therapy for local recurrence in the prostate bed, or systemic therapy for metastatic disease (Figure 1) . in one study of 24 patients who had rising serum Psa levels after treatment for localized prostate tumors, FDG-Pet was performed before pelvic lymph nodes were dissected. 69 in none of the patients did wholebody bone scan or pelvic Ct yield positive findings. Histology of the pelvic lymph nodes obtained from surgery confirmed the presence of metastases in 67% of patients. increased FDG uptake was shown at the sites of histopathologically proven metastases in 75% of these patients. the sensi tivity, specificity and accuracy values, as well as the positive predictive and negative predictive values of FDG-Pet in detecting metastatic pelvic lymph nodes, were 75.0%, 100%, 83.3%, 100% and 67.7%, respectively. in a similar retrospective study of 91 patients with Psa relapse following prostatectomy and validation of tumor presence by biopsy or clinical and imaging followup, mean serum Psa levels were higher in FDG-Petpositive patients than in FDG-Pet-negative patients (9.5 ± 2.2 ng/ml versus 2.1 ± 3.3 ng/ml). 70 a Psa level of 2.4 ng/ml and Psa velocity of 1.3 ng/ml per year provided the best compromise between sensitivity (80% for FDGPet-positive and 71% for FDG-Pet-negative patients) and specificity (73% for FDG-Pet-positive and 77% for FDG-Pet-negative patients) in a receiver operating characteristic curve analysis. overall, FDG-Pet detected local or systemic disease in 31% of patients with Psa relapse. However, confidence in the accuracy and relevance of this figure is limited in view of the heterogeneity and limitation of the validation criteria, which is an issue with other similar studies. 71 other investigators have suggested that FDG-Pet might be particularly useful in staging of advanced prostate cancer in patients who have a rising Psa level despite treatment. 72 moreover, in this clinical setting, FDG-Pet has also been found to be more useful than 111 in-capromab pendetide scintigraphy in the detection of metastatic disease in patients with high Psa levels or high Psa velocity. The maximum standardized uptake value of the lesion declined from 3.4 to 2.2, which corresponded to a decline in the levels of serum PsA from 70 ng/ml to 50 ng/ml. Abbreviation: FDG, fluorodeoxyglucose.
reviews Evaluation of treatment response FDG-Pet has been investigated for its use in the assessment of response to treatment of prostate cancer. in one report, FDG accumulation in the primary prostate cancer and metastatic sites decreased over a period of 1-5 months after initiation of androgen deprivation therapy, which was consistent with results from animal xenograft studies. 44, 74, 75 However, an earlier study of prostate cancer in rats showed that the global FDG suv was unchanged after treatment with gemcitabine. 76 Preliminary results show that tumor FDG uptake decreases with successful treatment (using androgen deprivation or various chemotherapy regimens), in concordance with other measures of response, such as a decline in serum Psa level (Figure 2 ). 68 Prognostication it has also been shown that the level and extent of FDG accumulation in metastatic lesions might provide informa tion on prognosis. an increase of over 33% in the average maximum suv measurement from up to 5 lesions, or the appearance of new lesions, was reported to be able to categorize castrate-sensitive metastatic prostate cancer patients treated with antimicrotubule chemotherapy into progressors or nonprogressors. 77 similarly, another group reported that patients with primary prostate tumors with high suvs had a poorer prognosis in comparison to those with low suvs. 78 Furthermore, as FDG uptake in prostate tumors seems to depend on the presence and activity of androgen, FDG-Pet might also be useful in predicting the length of time to reach the androgen-refractory state (for example, by an early increase in castrate tumor FDG uptake), which might facilitate earlier therapeutic modification to avert or delay this clinical state in order to improve overall outcome ( Figure 3 ). 44 National Oncologic PET Registry the noPr was established in the us in may 2006 to collect and analyze data on the clinical utility of FDG-Pet and to provide evidence for reimbursement coverage by the Centers for medicare and medicaid services. 23 the first 2 years of data from 40,863 FDG-Pet scans for staging, restaging, or detection of suspected recurrence in patients with pathologically proven cancers have been reported. 24 the largest proportion of FDG-Pet scans (5,309 scans, equivalent to 13% of all scans) was performed in patients with prostate cancer. Findings from these scans changed the clinical management in 35.1% of prostate cancer cases (95% Ci 33.8-36.4%), although the odds ratio for change in management compared with that for other cancers in the noPr trial was 0.86 (95% Ci 0.81-0.92); this figure implies that the chance of changing management was lower for prostate cancer cases than for any other cancer type. the changes in management involved switching from nontreatment to treatment in 25.3% and from treatment to nontreatment in 9.7% of cases; a major change in the type of treatment relative to the plan before the FDG-Pet scan occurred in 8.5% of cases. the FDG-Pet-directed change in management was nearly equal for all aspects of testing, with 32.0% (30.0-34.1%) for initial staging (n = 2,042 cases), 34.0% (95% Ci 31.6-36.4%) for re staging (n = 1,477 cases), and 39.4% (95% Ci 37.2-41.7%) for detection of suspected recurrence (n = 1,790 cases).
The use of other PET radiotracers Different Pet radiotracers probably offer different advantages during various clinical states of prostate cancer, depending on the most relevant biological markers of disease at each state. 45, 79 to this end, many other Pet radiotracers are currently being explored, including 
80-86
Prospective clinical imaging trials using various Pet tracers in different clinical-state-specific patient cohorts with well-defined end points will be needed to decipher the optimal use of Pet in prostate cancer. moreover, access to and regulatory approval of other Pet tracers is another important issue that will need to be addressed. reviews that are known or suspected to have a high Gleason score; in the detection of locally recurrent and/or metastatic disease in a portion of patients with 'bio chemical failure only' with scan sensitivity that increases with increasing Psa level; in the assessment of the extent of metab olically active castrate-resistant disease; in monitoring the response to androgen deprivation and other therapies; and in prognostication. FDG-Pet has limited use in the diagnosis and staging of clinically organ-confined disease, and can give falsenegative results owing to the uptake of FDG by normal tissue, BPH and scar tissue; false-positive results often occur following inflammation and infection. it is clear that more extensive experience is needed to determine the exact clinical use of FDG-Pet in the various clinical phases during the course of prostate cancer.
